We report the occurrence of X-rays at ground level due to cloud-to-ground flashes of upward-initiated lightning from Gaisberg Tower, in Austria, which is located at an altitude of 1300 m. This is the first observation of X-ray emissions from upward lightning from a tower top located at high altitude. Measurements were carried out using scintillation detectors installed close to the tower top in two phases from 2011 to 2015. X-rays were recorded in three subsequent strokes of three flashes out of the total of 108 flashes recorded in the system during both phases. In contrast to the observations from downward natural or triggered lightning, X-rays were observed only within 10 µs before the subsequent return stroke. This shows that X-rays were emitted when the dart leader was in the vicinity of the tower top, hence during the most intense phase of the dart leader. Both the detected energy and the fluence of X-rays are far lower compared to X-rays from downward natural or rocket-triggered lightning. In addition to the above 108 flashes, an interesting observation of X-rays produced by a nearby downward flash is also presented. The shorter length of dart-leader channels in Gaisberg is suggested as a possible cause of this apparently weaker X-ray production.
Introduction
If the electric field in air exceeds about 2.6 × 10 7 V/m at atmospheric pressure (this critical field decreases with decreasing pressure), the energy gain per unit length from the electric field could become more significant than the energy loss over that length, in which case, the electrons continue to accelerate, gaining increasing amounts of energy [1] . Such electrons are called runaway electrons, and this mechanism is called cold-runaway or thermal-runaway in current literature. However, if seed electrons with energies in the order of a few tens of eV are available, an electric field of about 2.8 × 10 5 V/m is sufficient to initiate the runaway condition [2] . Runaway electrons can reach relativistic speeds and, during collisions with atoms, they can generate more relativistic electrons, giving rise to an avalanche of them [3] . When these runaway electrons collide with air, they produce X-rays. C. R. T. Wilson, the Nobel laureate, hypothesised that the runaway mechanism may take place in thunderstorms where large electric fields that are capable of generating runaway electrons exist over a vast region of space [4] .
In 1994, BATSE (Burst and Transient Source Experiment) onboard the Compton Gamma-ray Observatory detected bursts of X-ray flashes generated by thunderstorms [5] . They were called Terrestrial Gamma Ray Flashes (TGFs; in fact, being generated by accelerating electrons, they could
Experiment
The X-ray detection system was installed next to the 100 m tall Gaisberg radio transmission tower (GBT) at a small mountaintop called Gaisberg (1287 m above sea level) in Salzburg, Austria, and integrated with the Austrian Lightning Detection and Information System (ALDIS). The lightning current was measured by a shunt located at the air terminal on the top of GBT and was primarily used together with the X-ray detection system. Two separate fibre-optic links with different input ranges corresponding to low and high current thresholds (±2 kA and ±40 kA) were used to transmit the electrical output signal from the shunt to a measuring system in the nearby office building. This measuring system, once triggered by a minimum current flow, also sent a trigger signal to the X-ray measuring system. The X-ray detector was located at a distance of 200 m from the top of the GBT on the rooftop of a structure containing a shielded EMC cabinet with the measurement equipment, as shown in Figure 1 . The X-ray detector contained two NaI (Tl) scintillated detectors with one detector covered by a 2 mm
Atmosphere 2018, 9, 20 3 of 13 lead attenuator housed inside an aluminium box of thickness 3.1 mm. The detector used is similar to the detector described in more detail in [18] by Saleh et al. Two fibre-optic links (of type Terahertz Technologies V-250, with a bandwidth of 10 MHz, and input voltage peak-to-peak threshold of 1 V) carried the detector signal to a transient recorder inside the EMC cabinet. The X-ray detection system (the detectors and fibre-optic transmitters) was powered by two 12 V batteries also housed inside the same aluminium box as the detectors. Because the system was completely unmanned, two batteries were used in such a way that while one battery was being charged by a battery charger, the other battery supplied the power to the system. Because of this arrangement, the detector system's noise immunity was poor compared to a completely isolated detector system. X-ray detectors were calibrated using a 137 Cs source prior to installations in each phase and a few more times during the measurements. X-ray measurement was carried out in two phases conducted from May 2011 to July 2012 and from December 2014 to May 2015. During phase 1, an 8-bit transient recorder of the type Yokogawa DL1640 was used to record the X-ray detector signals. During phase 2, a 12-bit isolated input transient recorder of the type Yokogawa SL1000 was used. This change of transient recorder, and also the changes carried out during phase 2 to reduce noise caused by the detector battery charging mechanism, improved the signal-to-noise ratio of the whole X-ray detection system. During both phases, a 20 MS/s sample rate was utilised in X-ray measurements. The propagation delays of fibre-optic cables and transceivers, and known instrument delays are taken into account in the results.
In addition to the current measurement at GBT, the vertical electric field, measured by a fast flat-plate antenna located at the same rooftop as the X-ray detector, was also used in some cases of this study. (the detectors and fibre-optic transmitters) was powered by two 12 V batteries also housed inside the same aluminium box as the detectors. Because the system was completely unmanned, two batteries were used in such a way that while one battery was being charged by a battery charger, the other battery supplied the power to the system. Because of this arrangement, the detector system's noise immunity was poor compared to a completely isolated detector system. X-ray detectors were calibrated using a 137 Cs source prior to installations in each phase and a few more times during the measurements. X-ray measurement was carried out in two phases conducted from May 2011 to July 2012 and from December 2014 to May 2015. During phase 1, an 8-bit transient recorder of the type Yokogawa DL1640 was used to record the X-ray detector signals. During phase 2, a 12-bit isolated input transient recorder of the type Yokogawa SL1000 was used. This change of transient recorder, and also the changes carried out during phase 2 to reduce noise caused by the detector battery charging mechanism, improved the signal-to-noise ratio of the whole X-ray detection system. During both phases, a 20 MS/s sample rate was utilised in X-ray measurements. The propagation delays of fibre-optic cables and transceivers, and known instrument delays are taken into account in the results.
In addition to the current measurement at GBT, the vertical electric field, measured by a fast flatplate antenna located at the same rooftop as the X-ray detector, was also used in some cases of this study. Gaisberg Tower and the X-ray measurement system are shown in the picture. In addition to the X-ray detector (also shown in the zoomed-in box), vertical fast E-field antenna, the field mill, and other meteorological instruments are located on the roof of the structure shown. The EMC cabinet containing the measuring equipment is also visible inside the structure. The shunts, measuring the current, are located at the tower top. Gaisberg Tower and the X-ray measurement system are shown in the picture. In addition to the X-ray detector (also shown in the zoomed-in box), vertical fast E-field antenna, the field mill, and other meteorological instruments are located on the roof of the structure shown. The EMC cabinet containing the measuring equipment is also visible inside the structure. The shunts, measuring the current, are located at the tower top.
Results

Identification Criteria of Ground-Level X-ray Pulse/Burst Due to Lightning Activity
In order to determine whether a ground level detection of X-rays is associated with lightning, several identification criteria could be utilised. This is necessary because a ground level X-ray detector also records X-rays and gamma-rays due to cosmic background radiation and also emissions from any other radioactive sources in the vicinity. In this study, the following criteria were considered.
• X-ray peaks within a few hundreds of microseconds before a tower recorded the return stroke (always utilised) • X-ray peaks that correlate with the stepped, dart or dart-stepped leader process from E-field signatures (not utilised in some cases due to a lack of E-field data) • X-ray bursts that coincide with other current peaks (always utilised) • X-ray bursts that have multiple consecutive peaks, but do not coincide with E-field or current peaks (no such X-ray bursts were found).
Estimating Photon Energy from X-ray Waveforms
The energy of an X-ray event (single or multi-photon) was estimated by simply multiplying the peak voltage of each corresponding X-ray pulse by the calibration factor. It is important to mention that because of the limited 10 Mhz bandwidth of the fibre-optic links, the rise-time of NaI(Tl) detectors is prolonged. The response of such a detector setup to a multi-photon pile-up could be indistinguishable from a single photon response. Our experience of NaI(Tl) detector response in the laboratory [22, 23] , and other independent laboratory experiments using even much faster LaBr 3 detectors [24] confirm that scintillator response for multi-photon pile-ups is difficult to detect just by observing detector response. Because of these reasons, energy obtained in this study from waveforms could be over-estimated. A calibration waveform (a single-photon event) and the detector response to a laboratory discharge (a multi-photon event) are shown in Figure 2 .
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The energy of an X-ray event (single or multi-photon) was estimated by simply multiplying the peak voltage of each corresponding X-ray pulse by the calibration factor. It is important to mention that because of the limited 10 Mhz bandwidth of the fibre-optic links, the rise-time of NaI(Tl) detectors is prolonged. The response of such a detector setup to a multi-photon pile-up could be indistinguishable from a single photon response. Our experience of NaI(Tl) detector response in the laboratory [22, 23] , and other independent laboratory experiments using even much faster LaBr3 detectors [24] confirm that scintillator response for multi-photon pile-ups is difficult to detect just by observing detector response. Because of these reasons, energy obtained in this study from waveforms could be over-estimated. A calibration waveform (a single-photon event) and the detector response to a laboratory discharge (a multi-photon event) are shown in Figure 2 . The response of NaI(Tl) detectors coupled to a fibre-optic link with low bandwidth. The response to a single photon emission of a 137 Cs calibration source (left) and the typical response to a laboratory discharge of a standard lightning impulse of 900 kV (right) are shown. This detector configuration is not capable of resolving multi-photon pile-ups for photon bursts occurring within the response time of the system (as evident from the response to a multi-photon burst of the detector shown on the right). The seemingly lower rise-time as can be clearly seen from both plots is caused by the limited bandwidth of the fibre-optic link. The fall-time of the waveforms is primarily determined by the typical scintillation decay-time of Nai(Tl). The calibration constant is calculated by assuming a simple linear relationship of the peak amplitude of the detected signal to the totaldeposited energy at the detector. Such calibration, based only on the amplitude, is especially applicable to NaI(Tl) detectors coupled to fibre-optic links with a limited bandwidth. Please note that the calibration waveform shown above (left), is taken from another experiment with different calibrations, but it is still applicable for the measurement in this work in terms of the wave-shape. The response to a single photon emission of a 137 Cs calibration source (left) and the typical response to a laboratory discharge of a standard lightning impulse of 900 kV (right) are shown. This detector configuration is not capable of resolving multi-photon pile-ups for photon bursts occurring within the response time of the system (as evident from the response to a multi-photon burst of the detector shown on the right). The seemingly lower rise-time as can be clearly seen from both plots is caused by the limited bandwidth of the fibre-optic link. The fall-time of the waveforms is primarily determined by the typical scintillation decay-time of Nai(Tl). The calibration constant is calculated by assuming a simple linear relationship of the peak amplitude of the detected signal to the total-deposited energy at the detector. Such calibration, based only on the amplitude, is especially applicable to NaI(Tl) detectors coupled to fibre-optic links with a limited bandwidth. Please note that the calibration waveform shown above (left), is taken from another experiment with different calibrations, but it is still applicable for the measurement in this work in terms of the wave-shape.
Results of Phase 1
During this phase, a total of 85 flashes were recorded at Gaisberg Tower and current measurements are available from the GBT database at the ALDIS. There was only one flash identified as a downward flash. Out of the remaining 84 flashes, 65 flashes were of the type "initial continuing current (ICC) without return strokes", called ICC Only . Nineteen flashes were of the type "ICC pulses followed by return strokes (RSs)", called ICC RS . There was a total of 79 negative flashes (including the one downward flash recorded), 4 bipolar flashes, and 2 positive flashes.
These total 85 flashes recorded contained a total of 389 pulses or strokes (ICC pulses, RSs, and M-component pulses). The 19 flashes with RSs (all negative) contained a total of 79 RS pulses. There were no X-ray detections associated with any of these ICC pulses, RS pulses or M-component pulses (i.e., X-ray peaks within about a hundred microseconds before a pulse). It is important to mention that, as also described previously (Section 2. Experiment), the signal-to-noise ratio of the X-ray detector system during phase 1 was such that, only X-ray peaks higher than 60 keV could be successfully detected. The classification of the type of flashes, strokes, and current pulses used above is discussed in more detail in [25, 26] .
X-rays from a Possible Nearby Downward Lightning
Even though we could not detect any X-ray bursts directly associated with the leader process of a RS or associated to other current pulses from GBT measurements, there was one very interesting case, where X-ray bursts were recorded by both un-attenuated and attenuated detectors, related to a close by flash. This negative downward lightning flash occurred on 13 July, 2011. In this case, no lightning flash directly struck the tower, but the measurement systems were triggered because of a possible unconnected leader from the tower or electromagnetic interference. As shown in Figures 3-5 , two sets of X-ray bursts, associated with the third and fourth subsequent strokes, were recorded. Since none of the RSs were directly connected to the tower, the timing of the small current peaks visible in the waveforms, as measured at GBT, could be different from the RS currents at the point of strike. The electric field recordings from fast E-field antenna are saturated in both RSs. However, from Figure 3 , one can estimate that the X-ray bursts started within about 40 µs before the corresponding subsequent RS. The distances from GBT to the strokes, corresponding to the X-ray observations were 400 m and 500 m respectively, as recorded by the ALDIS lighting location system.
Results of Phase 2
In 2014, phase 2 of the experiment was started primarily with modification to the X-ray detector by improving the detector signal-to-noise ratio where X-ray peaks higher than 20 keV could be detected (which was very close to the sensitivity of the detector). In addition, the noise immunity of the fibre-optic link and detector power supply was improved. The data acquisition system was also upgraded to a 12-bit system. The overall result was such that, after the improvements, much smaller X-ray peaks could be detected.
During this phase, 23 flashes were recorded at Gaisberg and included in the current measurement database. Out of these 23 flashes, nine were ICC type discharges without return strokes and 14 were of the type ICC followed by RSs. Twenty-one flashes were of negative polarity while two were bipolar. These 23 flashes contained a total of 278 pulses/strokes. The 14 flashes with RSs (all negative) contained a total of 76 RSs.
As shown in Figures 6-9 , X-rays were detected for the first time in three flashes which could be associated to the dart or dart-stepped leader process (X-ray peaks detected before the RS). However, both the fluence and the amplitude of the X-ray peaks were much smaller compared to previous X-ray detection from natural or rocket-triggered lightning. The detected peaks were not typical X-ray bursts, with many consecutive peaks with an energy in the order of several hundred keV or MeV, but single or two peaks, with an energy of a few tens of keV to about 700 keV. Furthermore, X-rays were only detected in the un-attenuated detector, implying that the detected X-rays had lower energy. E-field data is not available for these three flashes. In all three cases, X-rays occurred a few microseconds before the current peaks associated to return strokes. The hundreds of ICC pulses and few M-component type current peaks did not produce any X-rays. This indicates that the detected X-ray peaks are associated with the RSs or events immediately prior to RSs and are not random events that occurred due to background radiation. Apart from the presented observations, no other high energetic radiation related to lightning or other atmospheric activity was detected during the two phases of the experiment.
X-rays
from the tower or electromagnetic interference. As shown in Figures 3-5 , two sets of X-ray bursts, associated with the third and fourth subsequent strokes, were recorded. Since none of the RSs were directly connected to the tower, the timing of the small current peaks visible in the waveforms, as measured at GBT, could be different from the RS currents at the point of strike. The electric field recordings from fast E-field antenna are saturated in both RSs. However, from Figure 3 , one can estimate that the X-ray bursts started within about 40 µs before the corresponding subsequent RS. The distances from GBT to the strokes, corresponding to the X-ray observations were 400 m and 500 m respectively, as recorded by the ALDIS lighting location system. Figure 3 . X-ray burst associated with the third (second subsequent) return stroke. The time t = 0 corresponds to 16:09:36.072213 UTC. X-rays are detected in both attenuated (detector 2) and unattenuated (detector 1) detectors. According to the Austrian Lightning Detection and Information System (ALDIS), this 36-kA stroke occurred at a distance of 400 m from the tower. Peak energy of the burst, derived from roughly −800 mV peak in the un-attenuated detector, is about 4.3 MeV (this could be due to a multi-photon accumulation). The two cursor positions indicate the first and the last occurrence of X-ray peaks. This last occurrence, also shown in the black vertical cursor, happens roughly 1.4 µs before the return stroke (RS) time of 16:09:36.145867 UTC as recorded by the ALDIS. The total duration of bursts is about 40 µs. The seemingly continuous nature of bursts (in detector 1) could be resulting from the slow detector response. The small current peak of about 125 A (measured at the top of Gaisberg radio transmission tower (GBT)) could be due to an unconnected leader.
be due to a multi-photon accumulation). The two cursor positions indicate the first and the last occurrence of X-ray peaks. This last occurrence, also shown in the black vertical cursor, happens roughly 1.4 µs before the return stroke (RS) time of 16:09:36.145867 UTC as recorded by the ALDIS. The total duration of bursts is about 40 µs. The seemingly continuous nature of bursts (in detector 1) could be resulting from the slow detector response. The small current peak of about 125 A (measured at the top of Gaisberg radio transmission tower (GBT)) could be due to an unconnected leader. be due to a multi-photon accumulation). The two cursor positions indicate the first and the last occurrence of X-ray peaks. This last occurrence, also shown in the black vertical cursor, happens roughly 1.4 µs before the return stroke (RS) time of 16:09:36.145867 UTC as recorded by the ALDIS. The total duration of bursts is about 40 µs. The seemingly continuous nature of bursts (in detector 1) could be resulting from the slow detector response. The small current peak of about 125 A (measured at the top of Gaisberg radio transmission tower (GBT)) could be due to an unconnected leader. Figures 2 and 3 . The time t = 0 corresponds to 16:09:36.072213 UTC. X-rays were recorded with a 300-ms time window. The RSs described in Figures 2 and 3 are indicated by the two arrows in the E-field waveform. Two more subsequent RSs occurred later in time are not captured.
Atmosphere 2018, 9, 20 8 of 13 microseconds before the current peaks associated to return strokes. The hundreds of ICC pulses and few M-component type current peaks did not produce any X-rays. This indicates that the detected Xray peaks are associated with the RSs or events immediately prior to RSs and are not random events that occurred due to background radiation. Apart from the presented observations, no other high energetic radiation related to lightning or other atmospheric activity was detected during the two phases of the experiment. Figure 6 . The time t = 0 corresponds to 20:54:37.247308 UTC. The current peak and the Xray burst shown in Figure 6 are indicated by black vertical arrows. .482779 UTC is given in the x-axis. The occurrence of the X-ray is about 2.2 µs prior to the onset of the current peak of the third and last RS. Flash contained two ICC pulses before the RSs. Two X-ray peaks are visible in the un-attenuated detector. The time of occurrence of the Xray pulse is marked by the black vertical cursor. Because of the limited bandwidth of the fibre-optic link, the shape of this very small peak could be distorted. The vertical cursor is fixed at the X-ray peak. Peak energy is around 60 keV (calculated by multiplying the peak voltage by the calibration factor). The timestamp of the RS is 01:23:27.769214 UTC.
Discussion
X-ray emissions have been measured successfully over a span of about ten years from triggered lightning and natural lightning in Florida at distances up to about a kilometre from the lightning channel [16] [17] [18] [19] . According to experiments carried out in Gainesville, Florida, the maximum source height of X-rays corresponding to first-stroke stepped leaders and dart-stepped leaders of natural lightning are 800 m and 3.6 km respectively [19] . In the case of triggered lightning, the X-ray emissions are produced by the dart and dart-stepped leaders associated with the upward-initiated negative ground flashes. The emissions occur within about 100 µs before the beginning of the return Figure 9 . X-rays from a subsequent stroke of another flash occurred on 01 April, 2015. Time (ms) starting from 01:23:27.482779 UTC is given in the x-axis. The occurrence of the X-ray is about 2.2 µs prior to the onset of the current peak of the third and last RS. Flash contained two ICC pulses before the RSs. Two X-ray peaks are visible in the un-attenuated detector. The time of occurrence of the X-ray pulse is marked by the black vertical cursor. Because of the limited bandwidth of the fibre-optic link, the shape of this very small peak could be distorted. The vertical cursor is fixed at the X-ray peak. Peak energy is around 60 keV (calculated by multiplying the peak voltage by the calibration factor). The timestamp of the RS is 01:23:27.769214 UTC.
X-ray emissions have been measured successfully over a span of about ten years from triggered lightning and natural lightning in Florida at distances up to about a kilometre from the lightning channel [16] [17] [18] [19] . According to experiments carried out in Gainesville, Florida, the maximum source height of X-rays corresponding to first-stroke stepped leaders and dart-stepped leaders of natural lightning are 800 m and 3.6 km respectively [19] . In the case of triggered lightning, the X-ray emissions are produced by the dart and dart-stepped leaders associated with the upward-initiated negative ground flashes. The emissions occur within about 100 µs before the beginning of the return stroke. Since the dart leader speed is about 10 7 m/s, at the beginning of the X-ray emissions, the tips of dart leaders or dart-stepped leaders are located at a height of about 1 km from the ground [15] [16] [17] .
On the other hand, the results presented earlier show that the X-ray emissions from dart and dart-stepped leaders from upward-initiated lightning flashes from Gaisberg Tower are either very weak, so the amplitudes are below the threshold caused by the noise level, or rare. One can rule out the attenuation of the X-rays with distance as the cause, because of the following reasons.
As mentioned earlier, strong X-ray emissions from triggered lightning in Florida have been observed at comparable distances. The distance to the tower tip from the detector is no more than 200 m. The noise level of the X-ray detector located at the site is much smaller than the amplitude of the X-ray emissions at comparable distances in Florida and we can rule out the measurement threshold as the cause. Of course, it is possible that the down-coming dart leader is met by a connecting leader and if the connecting leader is very large, the tip of the dart leader would be located at a longer distance just before the return stroke. The results obtained from triggered lightning show that the connecting leaders in dart leaders are not more than a few meters in height [27, 28] . However, in our case, the field enhancement caused by the tower may lead to longer connecting leaders. Information concerning the length of connecting leaders associated with dart or dart-stepped leaders is not available in the literature. Fortunately, in a recent study, Mengni et al. [29] made a theoretical estimation of the length of connecting leaders associated with dart leaders striking wind turbines. They have considered in their analysis a wind turbine whose hub is located at a height of 80 m having a blade length of 45 m. This makes the total height of the structure, with a fully upward extended blade, equal to about 125 m. For this structure, they estimated that the length of connecting leaders associated with typical dart leaders having a prospective return stroke current of 12 kA is no more than a few tens of meters. This shows that, in our case, the tip of the dart leader just before the return stroke is located at a distance not much greater than the 200 m distance from our measuring equipment to the tower top. Based on these considerations, we can rule out the possibility that the X-ray emissions are weak because the distance to the emission source is larger than that of the cases studied in Florida.
Based on these observations, we conclude that the X-ray emissions are weak in dart and dart-stepped leaders of upward-initiated flashes striking Gaisberg Tower. The reason for this is unknown at present. One possibility is that the long continuing currents associated with the upward leader stage precondition the channel in such a way that the conditions necessary for the emission of X-rays are removed from the dart and dart-stepped leaders. For example, when the current duration is long, ample time is available for the mixing of cold air into the discharge channel while the current is still flowing in the channel. Thus, the energy dissipated in the channel is continuously being utilised to heat cold air entering the channel. This may lead to a significant heating of air located around the channel. This fact was used previously by Cooray et al. [30] to explain the copious quantities of NOx generated by lightning flashes with long continuing currents. This continuous heating of the channel during the continuing current stage could modify the propagation characteristics of the dart leaders along the channel. However, similar continuing currents also exist in triggered lightning. Unless the metal vapours present in the triggered lightning channel in some way enhance the X-ray emissions in comparison to that of upward-initiated lightning striking Gaisberg Tower, it is difficult to prove that the difference is due to the continuing current. In this respect, it is important to point out that the observations of Idone and Orville [31] show that when continuously propagating dart leaders of triggered lightning entered into the channel section polluted by metal vapour, they transformed themselves to dart-stepped leaders. In general, dart leaders transform themselves to dart-stepped leaders when the conductivity of the residual return stroke channel is low [32] . Since the stepping process is a strong source of X-rays, such channel modifications by metal vapours may also explain why the X-ray emissions are strong in triggered lightning while they are absent in upward lightning flashes.
Another possible reason for the low X-ray emission from upward-initiated flashes could be the following. Theoretical work conducted by Cooray et al. [33] shows that it is the transient electric field that exists at the tip of the dart leader that is responsible for driving the electrons to runaway energies, resulting in X-ray emissions. This electric field is related to the current at the tip of the dart leader which, in turn, is determined by the charge deposited by the dart leader at its tip as it elongates towards the ground. The magnitude of this charge depends on the length of the dart leader [34] . As the dart leader elongates, this charge increases and the electric field at its tip also increases for the same reason. In the case of triggered lightning, the dart leader comes close to sea level; at the negative charge centre in Florida, thunderstorms are located at a height of about 6 km [35] . Thus, in triggered lightning, X-ray emissions are observed when the dart leader has extended to a length of about 5-6 km. On the other hand, in Austria, the charge centres in thunderclouds are located at a height of about 3-4 km above sea level and the maximum extension of the dart leaders that are associated with upward lightning from Gaisberg Tower is no longer than 2-3 km. This makes the charge accumulated at the tip of dart leaders striking Gaisberg Tower significantly lower than the charge that will be accumulated at the end of dart leaders in the case of triggered lightning. This could be the reason for insignificant X-ray emissions from dart and dart-stepped leaders striking Gaisberg Tower. This is supported by the fact that the few X-ray emissions we observed from lightning flashes striking Gaisberg Tower took place just before the return stroke when the dart leader was extended to its maximum value and when the accumulated charge at its tip was at its maximum value. However, if this hypothesis is correct, it is not possible for us to explain the X-ray emissions from the lightning flash that struck in the vicinity of the tower. The length of the dart or dart-stepped leaders associated with this lightning flash could not be much longer than those that struck the tower; unless, of course, the X-ray emissions of that lightning flash are related to events taking place inside the cloud and not to the dart or dart-stepped leaders of that lightning flash. Of course, more theoretical and experimental data, especially from towers located at sea level, are needed to make firm conclusions concerning the X-ray emissions from upward lightning.
Conclusions
In this paper, we investigated the occurrence of X-rays at ground level due to subsequent return strokes of upward-initiated lightning from Gaisberg Tower, in Austria, which is located at about 1300 m altitude. Out of 155 dart or dart-stepped leaders associated with subsequent return strokes in these flashes (associated with 79 and 76 RS pulses in each phase), X-ray emissions were observed in only three cases. In these three cases, the X-ray emissions occurred immediately before the subsequent stroke or during the very last stage of the dart leader. This is in contrast to the observations made in triggered lightning where X-ray emissions during the dart leader stage were easily detected at distances comparable to the distances pertinent to this study. This shows that the X-ray emissions are rare in the dart leader stage of subsequent return strokes of upward-initiated lightning flashes at Gaisberg Tower. Previous studies have shown that the X-ray emissions are controlled by the electric field at the tip of the dart leaders which, in turn, are controlled by the charge accumulated at the tip of the dart leader. Since the charge accumulated at the tip of the dart leader increases with increasing length of the dart leader channel, it is suggested that the weak X-ray emissions are either due to the modification of the lightning channel by long continuing leaders or due to the shorter dart leader channels associated with the lightning flashes striking Gaisberg Tower.
